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Introduction
The technology of NbTi superconductors having copper-nickel matrices is essential for the development of thermally controlled superconducting switches1. Furthermore these conductors find application in the windings of superconducting a.c. transformers and a.c. switching coils for magnetically controlled switches2. However, in each type of application the CuNi matrix has a different function. In switches, the CuNi matrix determines the longitudinalresistivity of the wire and thus the off-resistance of the switch, while in a.c. coils the essential property of the CuNi is to increase the transverse resistivity in order to reduce eddy current loss. Nevertheless for allpurposes the suitability of the various NbTi-CuNi wires will be mainly decided by their critical current density Jc which is determined by the NbTi alloy composition as well as by the final microstructure in the superconducting wire. The microstructure that shows a large Jc is obtained during the wire production by cold work effected by wire drawing and a number of heat treatments. The dominating effects that cause flux-line pinning and thus a high Jc are a high dislocation (cold work) as well as the presence of a-Ti precipitations (heat treatment). As a consequence of this, large differences between Jc values of various commercial superconductors can be expected. Therefore, it remains important to measure the critical current density of sc. wires.
A second important argument for Jc measurements is that calculations of a.c. losses in single SC. wires and magnets requires precise knowledge of the Jc(B) behaviour. A comparison of measured and calculated a.c. losses is often handicapped by this lack of information about Jc especially at low magnetic fields.
This activity is part of our present program for the development of superconducting rectifiers including transformers and switches for large currents and power4.
Samples and test method
Ten NbTi wires having a CuNi matrix were studied together with two wires having a Cu matrix. Their main physical data are collected in Table I commercial products. The internal arrangements of the filaments in the various conductors are shown in figures la-g.
(radius 25 mm) on a holder made of glass-fibre epoxy plate and inserted in a 6 T split-coil magnet, see figure 2. The method of wire fixation will be discussed later. The conductor was soldered to the terminals with a junction length of 15 cm which is sufficiently long to prevent current degradation as result of the properties of the joint. the high-field region. The voltage to detect JC was sensed over a length of 8 cm. The maximum currents are measured by using a ramp current with a low current rate (I < 1 A/s). The critical current density is detemined by the criterion of 1 pV per cm in the case of both copper matrix conductors. A few copper-nickel matrix wires quench at low field and thus a high-current density before a current-sharing voltage appears. At a lower critical current density (higher fields) the copper-nickel matrix wires quench just after the appearance of the current-sharing stage in the voltage but usually below the criterion of 1 pV/cm, see figure  3 . This is quite understandable since heat conduction in a copper-ntckel matrix is much worse (factor 170) than in the usual copper matrices. As we shall see later the current-sharing stage is only reached provided the test wires are sufficiently fixed. Note that the attainment of the current-sharing stage confirms that the real critical current is measured and notalower value because of unstable behaviour.
Results obtained for direct currents
The results of the d.c. maximum currentmeasurements are shown in figure 4. Some conclusions can now be drawn from the values found:
-The difference between the largest and the smallest maximum current density is about a factor 2 in the field range considered.
-The current densities in multifilament conductors with copper-nickel matrices made by various manufacturers show large systematic differences.
-The current density in copper-nickel matrix wires at fields between 1 and 3 tesla c" be a factor 1.5 Table 1 . Data of twelve NbTi s c . w i r e s . Number Of f i l a m e n t s N f i l , wire diameter &ire, f i l a m e n t d i a m e t e r d f i l , m a t r i x t o s c . r a t i o h a n d s c . t o c o m p o s i t e r a t i o Q, measured maximum c u r r e n t I,, c u r r e n t d e n s i t i e s i n the superconductor Jsc! t h e a v e r a g e c u r r e n t d e n s i t y 5..
kA/m21 h i g h e r t h a n t h e c u r r e n t d e n s i t y i n c o p p e r m a t r i x wires although both types were made by t h e same manufacturer. The e f f e c t d i s a p p e a r s a t 6T and may even b e r e v e r s e d above 6 T. I n t h e r e g i o n below 1 T , t h e maximum c u r r e n t d e n s i t y i s lowered by t h e i n s u f f i c i e n t t h e r m a l e l e c t r o m a gn e t i c a l s t a b i l i t y o f t h e c o p p e r -n i c k e l m a t r i x w i r e s .
C r i t i c a l c u r r e n t a n d s t a b i l i t y There are a number o f s t a b i l i t y t h e o r i e s which a t t e m p t t o d e s c r i b e t h e o b s e r v e d c u r r e n t d e g r a d a t i o n a t h i g h c u r r e n t d e n s i t i e s . I n t h e c a s e o f
NbTi/CuNi w i r e s t h e s c . f i l a m e n t a l o n e can absorb a c e r t a i n amount of energy without heat exchange with the m a t r i However, it is s u r p r i s i n g t o p e r c e i v e t h a t t h e monofilament conductor W1 with a core of 87 um shows a stable performance down t o z e r o f i e l d and a current density of 10 kA/mm2. This behaviour, which i s i n c o n f l i c t w i t h t h e m e n t i o n e d c r i t e r i o n , h a s a l s o been previously observed3. The r e a d e r c a n f i n d a discussion about the background o f b o t h c r i t e r i a i n r e f e r e n c e 4 .
x . T h i s s i t u a t i o n l e a d s t o t h e well-known a d i a b a t i c s t a b i l i t y c r i t e r i o n which
Using the equation f o r s e l f -f i e l d s t a b i l i t y it i s p o s s i b l e t o c a l c u l a t e t h e maximum s t a b l e c u r r e n t i n a c e r t a i n wire w i t h diameter D provided Jc i s known. The J c ( B ) r e l a t i o n a t low f i e l d s c a n b e found by p l o t t i n g JC-l 
v e r s u s t h e t o t a l m a g n e t i c f i e l d i n t h e w i r e whlch i s t h e sum o f t h e a p p l i e d f i e l d and t h e s e l f -f i e l d . F i g u r e 5 shows t h a t t h e c r i t i c a l c u r r e n t of conductor W6
J c ( B ) = 1.43 * IO1' [I + I B I l -' , ( 0 < IBI < 3.5 T ) . i s well-described by the KIM r e l a t i o n
The c a l c u l a t e d maximum s t a b l e c u r r e n t i n a c c o r d a n c e with the mentioned se1f;field criterion i s shown 
. The measured maximum c u r r e n t s and r e l a t e d c u r r e n t d e n s i t i e s i n t h e s u p e r c o n d u c t o r .
i n f i g u r e 6. Moreover t h e maximum c u r r e n t s f o r wire W 6 measured under three different conditions of the j o i n t s between t h e wire and t h e c u r r e n t t e r m i n a l s are i n d i c a t e d i n t h i s f i g u r e .
The e f f e c t o f t h e j o i n t s W e e x p e r i m e n t a l l y d e t e r m i n e d t h e e f f e c t o f t w o j o i n t l o c a t i o n s , two j o i n t g e o m e t r i e s a n d v a r i o u s j o i n t l e n g t h s on t h e maximum c u r r e n t measurements of wire W6. The f i r s t measuring condition was: a j o i n t l e n g t h o f 15 c m , j o i n t s l o c a t e d o u t s i d e t h e h i g h f i e l d ( f i g .

2)
and made between t h e t e s t sample and a superconducting current terminal. This condition gave reproducable maximum c u r r e n t s w h i c h e q u a l t h e c r i t i c a l c u r r e n t f o r f i e l d s above 0.8 T, see f i g u r e 6. I f t h e sample i s conn e c t e d t o normal conducting terminals (copper strip) e n t i r e s a m p l e i n c l u d i n g t h e j o i n t s i s l o c a t e d i n t h e lower maximum c u r r e n t s are found below 3 T. I f t h e a p p l i e d f i e l d ( t y p e 111) t h e maximum c u r r e n t s a r e lowered f u r t h e r a l t h o u g h t h e y a r e s t i l l l a r g e r t h a n those predicted by t h e s e l f -f i e l d s t a b i l i t y c r i t e r i o n . i l l u s t r a t e d i n f i g u r e 7. Without discussing here a p h y s i c a l model of t h e c u r r e n t t r a n s f e r from t h e t e r m i n a l t o t h e t e s t wire with CuNi matrix w e can conclude from the above mentioned results that the measurement of c r i t i c a l c u r r e n t s i n a NbTi/CuNi wire a t low m a g n e t i c f i e l d s i s v e r y s e n s i t i v e f o r t h e c u r r e n t t r a n s f e r phenomena i n t h e j o i n t s
. O b v i o u s l y , t h e c r i t i c a l s p o t i s l o c a t e d i n a j o i n t r a t h e r t h a n
The e f f e c t of a reduced joint length than 15 cm i s Fig.5 . Plot of Jkq1 v e r s u s t o t a l m a g n e t i c f i e l d , w i r e W 6 Fig. 6 . The e f f e c t of t h e j o i n t on Jc, s e e t e x t . . S h o r t e r l e n g t h s o f j o i n t t y p e I reduce Imx.
i n t h e t e s t s e c t i o n i f t h e c u r r e n t t r a n s f e r i s n o t o-ptimal. Measurements of t h e quench l o c a t i o n conf i r m e d t h i s .
The effect of wire motion
The h i g h r e s i s t i v i t y of the copper-nickel matrix has a s e r i o u s d i s a d v a n t a g e i n r e l a t i o n t o t h e s e n s it i v i t y of t h e wire for energy release due to mechanical d i s t u r b a n c e s . I f , f o r example, a s c . w i r e c a r r i e s a c u r r e n t o f 50 A i n a m a g n e t i c f i e l d o f 2T,a displacement Of 1 over a length of 10 mm corresponds t o a work of 1 p J . A small f r a c t i o n o f t h i s work is nonelastic and c a n b e s u f f i c i e n t t o i n i t i a t e a quench. Energy r e l e a s e i n t h e s u r r o u n d i n g m a t e r i a l o f a sc. wire, caused f o r example by c r a c k i n g i n t h e i m p r e g n a n t o f t h e c o i l s a n d cables, can be a source outside the wire. The minimum l e n g t h 9. a t which a normal s p o t i n a sc. wire propagates'is, assuming adiabaticity, The extreme sensitivity of cogper-nickel matrix supercOnductors t o mechanical disturbances was exp e r i m e n t a l l y i n v e s t i g a t e d by r e p e a t i n g t h e maximum c u r r e n t measurements with two a l t e r n a t i v e methods of f i x i n g t h e wires on t h e sample holder. The previously p r e s e n t e d r e s u l t s ( f i g . 4 )
were obtained by f i x i n g t h e c o n d u c t o r w i t h a n A 1 2 0 3 f i l l e d epoxy (STYCAST 2850 FT). The r e s u l t s a r e now discussed about the use of an unfilled epoxy (ARALDITE) f o r f i x i n g t h e w i r e o r p u l l i n g it i n t o a s l i t and gluing it a t i n t e rvals. Figure 8 shows a comparison of maximum c u r r e n t measurements obtained from the three differentmethods o f w i r e f i x a t i o n f o r wire W6. The other wires having a copper-nickel matrix show a comparable behaviour. decreases with increasing wire f i x a t i o n and timt f i x i n g t h e c o n d u c t o r s w i t h a n u n f i l l e d epoxy i s i ns u f f i c i e n t t o o b t a i n r e l i a b l e o p e x a t i o n a n d t o m e a s u r e t h e c r i t i c a l c u r r e n t . O b v i o u s l y t h e d i f f e r e n c e i n thermal contraction of unfilled epoxies and t h e w i r e , even i f t h e l a y e r i s t h i n , causes minute cracks in t h e b u l k o f t h e epoxy and a t the metal epoxy i n t e r - face. The energy release i n t h e s e c r a c k s or t h e r e s u l t i n g w i r e motion i s s u f f i c i e n t t o l o w e r t h e maximum c u r r e n t and cause unreliable operation s i n c e t o t a l t r a n s i t i o n s t o t h e normal s t a t e a t very low c u r r e n t s a l s o a p p e a r .
A c o r r e c t method t o determine whether or n o t t h e w i r e f i x a t i o n i s optimal i s t u check t h e p r e s e n c e o f t h e c u r r e n t -s h a r i n g v o l t a g e j u s t b e f o r e t h e c r i t i c a l c u r r e n t i s reached.
This i s not observed in the case of degraded performa n c e . I n a d d i t i o n t o t h i s it should be mentioned that both the copper matrix wires tested showed no t r a c e of these effects and performed a f u l l y s t a b l e a n d r e p r o d u c i b l e c r i t i c a l c u r r e n t .
Conclusion
The current-carrying capacity of several sc. wires and made by various manufacturers were investigated. I t a p p e a r e d t h a t t h e r e a r e c o n s i d e r a b l e d i f f e r e n c e s i n performance of these wires.
Correct measurements of c r i t i c a l c u r r e n t s i n copper-nickel matrix wires a r e d i f f i c u l t t o perform b e c a u s e t h e c u r r e n t t r a n s f e r t o t h e s a m p l e wire and t h e f i x a t i o n of t h e sample are much more c r i t i c a l than in the case of copper matrix wires.
Superconductors having 'a copper-nickel matrix proved t o b e v e r y s e n s i t i v e t o m e c h a n i c a l d i s t u r bances. Wire motion on a very small scale c a n e a s i l y l i m i t t h e maximum c u r r e n t by a f a c t o r two and is t h e r e f o r e a n i m p o r t a n t c o n s i d e r a t i o n i n t h e d e s i g n and production of sc. devices using this type of wires. H . J . V e r i n g a , " I n t r i n s i c s t a b i l i t y o f t e c h n i c a l superconductors", Thesis
Twente University of Technology, 1981,
The Netherlands.
